Please cite this article as: Sołtys K, Ożyhar A, Ordered structure-forming properties of the intrinsically disordered AB region of hRXR␥ and its ability to promote liquid-liquid phase separation,
Introduction
Nuclear receptors (NRs) belong to a large superfamily of transcription factors whose transcriptional activity is controlled by small lipophilic ligands [1] . They are widely expressed in all human tissues and regulate a number of physiological processes, such as metabolism, homeostasis, reproduction, and development [2] . Dysregulation of NR signaling leads to various disorders, including diabetes, malignances, autoimmune and inflammatory disease [3] . NRs have a complex modular structure comprising of the AB region, DNA-binding domain (DBD), hinge region, ligand binding domain (LBD) and F region [3] . Among NRs, the AB region reveals a strong diversity. It is characterized by a variable length and sequence in the different family members of NRs. The AB region of NRs is an important determinant of the subtype-, cell-type-and gene-specific functions of many NRs [4] . It harbors an activation function (AF1) that is recognized by co-regulators and/or transcription factors [5] . The AB region of NRs exhibits properties of intrinsically disordered proteins/regions (IDPs/IDRs) under physiological conditions, but the extent of the disorder varies between the receptors, and the molecular characteristics seem to be specific for each AB region [6, 7] .
IDPs/IDRs are characterized by a lack of a defined three-dimensional structure. They can adapt many different structures in vivo according to the cell's conditions. This conformational flexibility of IDPs/IDRs provides a large interaction surface with high specificity and low affinity binding properties that are ideally suited for the transient reversible interactions involved in signal transduction and transcriptional regulation [8, 9] . Targeting of IDPs/IDRs by small molecules that can inhibit protein-protein interactions is a rapidly evolving field [10] [11] [12] [13] . The compounds that bind to the AB region (AF1) could be promising small molecules for NR-based therapeutics. Recently, the bisphenol A ester derivative was found to interact with the AF1 of the androgen receptor (AR) and differentially disrupt both AF1-coactivator binding and subsequent AR AF1-regulated target gene expression [14] .
IDPs/IDRs also represent attractive targets for biophysical structure studies. It is generally accepted that the structural uniqueness of proteins determines their biological function.
J o u r n a l P r e -p r o o f
IDPs/IDRs were recently reported as having a new role as important drivers of the intracellular liquid-liquid phase separation (LLPS) that generates various membraneless organelles [15, 16] . These structures play diverse roles in various biological processes and are also increasingly implicated in protein aggregation dependent diseases [17] .
The retinoid X receptor (RXR) is unique among nuclear receptors because it can form both homodimers and heterodimers with other representatives of the family. RXR modulates the expression of different genes, depending on when and with which receptor the complex is formed. RXR interacts with permissive partners, like the peroxisome proliferator-activated receptor (PPAR), liver X receptor (LXR), farnesoid X receptor (FXR), pregnane X receptor (PXR) and constitutive androstane receptor (CAR), where the hetero-complex is activated by either RXR or the partner agonist [18] or non-permissive partners like the vitamin D receptor (VDR), retinoic acid receptor (RAR) and thyroid hormone receptor (TR), where the activity of such complexes is unaffected by the RXR agonist [19] . RXR plays a critical role in a wide range of developmental processes, from embryo implantation to organogenesis, as well as in the regulation of adult physiology and metabolic processes [20] . Three subtypes of RXR are known: α, β and γ, and also numerous isoforms resulting mostly from alternative splicing.
Their expression levels vary with cell type and differentiation status. RXRα shows abundant expression in the liver, kidney, spleen, placenta, epidermis and a variety of visceral tissues;
RXRβ is widely expressed and the expression of RXRγ is mainly restricted to the skeletal muscle and regions of the central nervous system such as the olfactory bulb and the pituitary glands [21] . An intensive research area of RXRγ biology is the receptor's role in physiological and pathophysiological processes, especially those in which the receptor agonist or antagonist may have therapeutic potential. RXRγ signaling is associated with the central nervous system regenerative response. It is a physiological signal of injury in the acutely lesioned brain [22] . RXRγ can also be a potential target for antidepressant treatments [23] . Several molecules have been described as potential endogenous ligands for RXR. 9-cisretinoic acid was identified and was claimed to be the ligand of RXR. However, the endogenous presence of this compound has never been properly confirmed. Recently, novel studies claim that 9-cis-13,14-dihydroretinoic acid functions as an endogenous physiologically relevant mammalian RXR ligand [24] . RXR shares similar structural domains with other members of NRs (Figure 1 ). The major differences in the subtypes and isoforms of RXR are in the AB region. Until now, there is no information about the molecular properties of the AB region of hRXRγ.
To lay a foundation for the systematic analysis of the molecular mechanism of AB region functions, we aimed to reveal the molecular properties of the AB region of hRXR (AB_hRXG). Towards this end, we established an efficient procedure for the expression and purification of AB_hRXG. We present in silico examinations with a comprehensive J o u r n a l P r e -p r o o f biochemical and biophysical characteristic of AB_hRXG. Our data demonstrate that AB_hRXG exhibits the properties of intrinsically disordered proteins/regions (IDPs/IDRs), but it is also characterized by the presence of ordered secondary structure motifs. In particular, AB_hRXG shows the structural and functional characteristic of the pre-molten globule-like (PMG-like) group of IDPs. Furthermore, in the presence of external factors like osmolyte or increased temperature, AB_hRXG reveals a significant propensity to form additional ordered structures. Most importantly, we demonstrate that the AB region of NRs exhibits a strong potential for liquid-liquid phase separation (LLPS), which can have a substantial impact on the function of hRXR.
Figure 1. The structural organization of hRXRγ.
Like other nuclear receptors, hRXRγ exhibits a modular structure with different regions (A-F). Some of them correspond to autonomous functional domains: N-terminal domain (NTD), DNA binding domain (DBD) and ligand binding domain (LBD). Residue numbering corresponds to the sequence of RXR isoform γ1 from Homo sapiens (UniProt ID: P48443).
Materials and Methods

Buffer composition
All buffers were prepared at room temperature. 
Preparation of the cDNA construct
The E.coli strain TOP10 (Invitrogen) was used as the host strain for the cloning procedures.
The sequence of the full-length hRXR was taken from UniProtKB -P48443. The cDNA of hRXR was de novo synthetized in GeneArt ® (Thermo Fisher Scientific). The gene sequence was optimized using Gene Optimizer software to maximize the expression of the synthetic J o u r n a l P r e -p r o o f gene in E. coli. An optimized sequence was used as the template for the PCR. The following primers were used for the amplificationforward: GCGCGGGGATCCtatggcaactatagccac; reverse: GCGCGGAAGCTTTTAcggataattcatattaccaatacctggc. The forward primer introduced the BamHI, and the reverse primer the HindIII restriction sites. The capital letters in the sequences represent nucleotides that are added to coding sequences for cloning purposes, whereas the restriction sites are highlighted. The insert was ligated with the pQE80L plasmid (Qiagen), which was used to express the N-terminally 6×His-tagged AB_hRXG. The sequence of the obtained construct was verified by DNA sequencing.
Expression and purification of the AB region of hRXR
AB_hRXG (amino acid residues 2-127) was expressed in the E. coli strain BL21(DE3)pLysS (Novagen). Bacteria harboring the expression vector were grown in Terrific Broth (TB) media (Novagen, 717544) supplemented with 50 g/ml carbenicillin and 35 g/ml chloramphenicol.
The culture was grown at 29°C and 182 rpm until the optical density (OD600) of the culture reached the value of 0.7-0.8. The temperature of the culture was then changed to 20°C.
Expression of the AB_hRXG was induced by adding IPTG (0.25 mM). After 3 hours, the cells were harvested by centrifugation at 5000  g at 4°C for 15 minutes. The pellet of bacteria was suspended in ice-cold Lysis buffer containing PMSF (0.2 mg/ml) and stored at -80 °C until use.
The frozen cell suspension supplemented with DNase (20 g/ml), RNase (20 g/ml) and a fresh portion of PMSF (0.2 mg/ml) was slowly thawed at 6°C. The cell lysis was improved by sonication. The cell suspension was sonicated with 5 short bursts of 20 sec, followed by intervals of 30 sec for cooling. The resulting suspension was centrifuged at 18 000  g at 4°C for 1h. The soluble fractions containing AB_hRXG supplemented with PMSF (0.2 mg/ml) were purified using immobilized metal affinity chromatography (IMAC). The cell lysate was incubated for 1 hour with Talon ® Metal Affinity Resin (Clontech), which had been previously equilibrated with Lysis buffer. The resin was transferred to a Tricorn 5/100 column (GE Healthcare Life Sciences) and connected to an ÄKTA Avant system (GE Healthcare Life Sciences). The purification was performed at a 0.8 ml/min flow rate at room temperature. The column was washed with buffer A and the two imidazole gradient steps (12.5 mM and 25 mM). Next, the column was washed with buffer C and a linear gradient of NaCl (50 mM -700 mM) was performed for 20 minutes. The target protein was eluted with the step gradient of buffer B. The 0.5 ml fractions were collected, combined and concentrated to a total volume of 500 μl using the Amicon Ultracel-4 Centrifugal Filter Units (Merck Millipore) with a cut-off limit of 10 kDa and then injected to the Superdex 75 Increase 10/300 GL column (GE Healthcare Life Sciences) equilibrated with buffer SEC. The column was operated at room temperature J o u r n a l P r e -p r o o f at a 0.5 ml/min flow rate on the Äkta Avant system (GE Healthcare Life Sciences). Fractions containing the purified AB_hRXG were combined, concentrated to 1 mg/ml using the Amicon Ultracel-4 Centrifugal Filter Units (Merck Millipore) with a cut-off limit of 10 kDa and then aliquoted into small volumes. The samples were stored at -80 C. The molecular mass of the AB_hRXG and the identification of the FKBP-type peptidyl-prolyl cis-trans isomerase SlyD was performed in a Mass Spectrometry laboratory (IBB PAS, Warsaw). All of the presented experiments in this paper were performed using samples obtained from different preparations. The results were reproducible and we did not observe any variability from different preparations.
Determination of protein concentration
The concentration of AB_hRXG was determined spectrophotometrically at 280 nm. The absorption coefficient calculates, according to Gill and von Hippel [25] , was 0,636 ml/(mg x cm).
SDS-PAGE and western blotting analysis
The protein samples were analyzed by SDS-PAGE using 4%/15% polyacrylamide gels [26] .
Electrophoresis was performed at a constant current 20 mA/ 1 mm gel. The Unstained Protein Molecular Weight Marker was used (Thermo Fisher Scientific). After electrophoresis, the gels were stained with Coomassie Brilliant Blue R-250 [27] and analyzed using Image Lab Software (Bio-Rad).
For western blot analysis, the proteins were separated by SDS-PAGE and transferred onto a 0.45 µm nitrocellulose membrane (GE Healthcare Life Sciences). The anti-His primary antibodies (Clontech), HRP conjugated HAMPO secondary antibodies (Vector laboratories) and chemiluminescence system Amersham ECL Plus (GE Healthcare Life Sciences) were applied for the detection of blots according to the supplier's instructions.
In silico analysis
Analysis of the AB_hRXG sequence was performed using bioinformatics tools with default settings. The ProtParam tool (https://web.expasy.org/protparam/) allows the computation of various physical and chemical parameters (e.g. molecular mass (M), theoretical pI, extinction coefficient) [28] . The prediction of potential sites cleaved by trypsin and proteinase K in AB_hRXG was made using a PeptideCutter (https://web.expasy.org/peptide_cutter/) [29] .
The amino acid composition was analyzed using a Composition Profiler (http://www.cprofiler.org) [30] . The prediction of disorder regions was made using four independent predictors (MD2 [31] , IUPred [32] , PrDOS [33] and SPINE-D [34] ) from the MetaDisorder server (http://iimcb.genesilico.pl/metadisorder) [35] . Protein backbone J o u r n a l P r e -p r o o f dynamics were predicted using DynaMine (http://dynamine.ibsquare.be) [36, 37] . Chargehydropathy analysis and additional disorder prediction was made using the PONDR server (http://www.pondr.com) [38] .
Circular dichroism spectroscopy
Circular dichroism (CD) spectra were recorded using the Jasco-815 spectropolarimeter (Jasco Inc) equipped with the Peltier temperature controller (CDF-426S/15). The spectra were collected in a spectral range of 190-260 nm with a scanning speed of 50 nm/min, at 20C, D.I.T -2 sec and a 1 nm band width. The data pitch was 0.5 nm and the final spectrum was obtained after averaging three measurements. The spectra were measured using quartz cuvettes with a path length of 1 mm, and the concentration of AB_hRXG was 10 µM (0.14 mg/ml). The measurements in the presence of GdmCl and TFE were performed after 1 hour of incubation at room temperature. Temperature-dependent denaturation was monitored by following the changes in ellipticity at 222 nm by increasing the temperature from 20°C to 70°C and then decreasing it from 70°C to 20°C at a constant rate of 1°C/min.
All the spectra were corrected for the effect from the buffer and converted to molar residual ellipticity units. The molar molecular mass per residue (MRW) for AB_hRXG is 102.58 Da.
Evaluation of the secondary structure content was calculated with CDPro deconvolution software using three algorithms: Continll, Selon3 and Cdsstr. IBasis 7 (SPD48) was used as the reference protein data set [39] .
Sedimentation velocity analytical ultracentrifugation experiments (SV-AUC)
Sedimentation velocity experiments were performed at 20°C on a Beckman Coulter ProteomeLab XL-I ultracentrifuge (Beckman Coulter Inc.) in an An-60 Ti rotor. AB_hRXG (400 µL of protein at three concentrations: 1.0 mg/mL, 0.5 mg/mL, or 0.25 mg/mL in buffer E) was loaded in two-channel centerpieces and centrifuged overnight at 50 000 rpm. Detection of the protein concentration was performed using OD measurements at a wavelength of 280 nm. The data were analyzed with SEDFIT software using a continuous size distribution c(s) model to extract the sedimentation coefficient (s) [40, 41] . The partial specific volumes (Vbar) of AB_hRXG (0.723253 ml/g) and the density (1.0159 g/ml) and dynamic viscosity (0,010622 mPa × s) of the buffer at 20 °C were calculated using SEDNTERP software [42] . Maximum entropy regularization with p = 0.68 was applied. The sedimentation coefficient (s), after Kav [43] . The column void volume (Vo) was established using Blue Dextran (8.41 ml). The column volume (Vc) is 24 ml. Kav for each standard was plotted against the corresponding RS to generate a standard curve, which was then used to determine the approximate radius (Rs) of AB_hRXG.
Limited proteolysis
The purified AB_hRXG was diluted in buffer SEC to a final concentration of 0.5 mg/mL in the absence or presence of 40% TFE and then pre-incubated at 15°C. Proteinase K (A&A Biotechnology) and trypsin (Lonza) was added to the final concentration of 25 µg/ml. The final volume of the reaction was 50 µl. The control reactions did not contain the enzymes.
After defined time intervals (5, 15 and 60 minutes), samples of 10 µl were taken, mixed with the 3 µl SDS loading buffer and heated for 10 minutes at 95°C. Cleaved peptides were resolved using SDS-PAGE.
In-vitro liquid-liquid phase separation
The formation of droplets containing AB_hRXG after IMAC (buffer B) was monitored with a 60 × phase contrast objective under the Olympus IX71 microscope. 5 µl of solution containing AB_hRXG (above 3 mg/ml) was placed onto the glass slide. Atto 488-labeled protein was prepared using the Atto 488 NHS ester (41698; Sigma) according to the J o u r n a l P r e -p r o o f manufacturer's manual. To confirm the presence of protein in the droplets, the Atto 488labeled-protein was mixed with unlabeled protein (molar ratio -1:20). The differential interference contrast (DIC) and fluorescence images (upon blue light stimulation) were acquired at 25°C on the Olympus IX73 microscope with a 100 × objective (oil immersion). 4 µl of solution (the concentration of AB_hRXG in the buffer SEC was around 3 mg/ml) was loaded onto the glass slide and covered with glass coverslip to prevent evaporation. The images were processed using cellSens (Olympus).
Results
In silico analysis
For selected nuclear receptors (NRs), it has been reported that the AB region displays characteristic properties of the intrinsically disordered protein (IDP) family [44, 45] .
To investigate if the AB region of hRXR (AB_hRXG) could reveal features of IDPs/intrinsically disordered regions (IDRs), in silico analysis was performed. We applied four independent predictors from the MetaDisorder server: IUPRED long [46] , MD2 [35] , Spine-D [34] and PrDOS [47] to estimate the degree of the putative disorder in AB_hRXG.
Supporting disorder predictions were also conducted using PONDR [38] . The results obtained with all the algorithms are consistent. About 80% of the analyzed sequence seems to be disordered (Figure 2A ). The remaining 20% of the sequence has a score only slightly below 0.5 and it cannot be assigned unequivocally to a disordered or ordered state.
Additional in silico analysis was conducted using DynaMine algorithms, a tool that is designated for the prediction of protein backbone dynamics [37] . Values of above 0.8 indicate an ordered state (rigid regions), whereas values below 0.69 indicate a disordered state (flexible regions) [36] . DynaMine identified AB_hRXG as being highly flexible ( Figure   2B ). To sum up, the results obtained from the predictors clearly indicated that AB_hRXG can be classified as IDR.
The high level of disorder and flexibility of the AB_hRXG sequence inspired us to perform detailed analysis of its amino acid composition. It is known that the presence of particular amino acid residues is critical for IDPs/IDRs. IDPs/IDRs are depleted of orderpromoting amino acid residues (Trp, Tyr, Phe, Val, Ile, Leu, Cys, Asn) and are enriched in disorder-promoting amino acid residues (Glu, Gln, Ser, Pro, Lys, Arg, Gly, Ala) [48] . Analysis of the amino acid sequence of AB_hRXG ( Figure 2C In AB_hRXG, there are six Tyr residues. The sequence is also depleted of disorderpromoting amino acid residues like Arg, Gln, Glu and Lys. Thus, analysis of the amino acid composition of AB_hRXG revealed the dual character of its sequence. In particular, AB_hRXG possesses a mixture of amino acid residues, which is characteristic for disordered sequences as well as occurring in ordered proteins. This dual character of the AB_hRXG sequence was also observed during order-disorder classification using a charge-hydropathy plot. It is well known that IDPs are characterized by a low overall hydrophobicity and a large net charge [49] . Thus, considering the overall hydrophobicity and net charge, it is possible to predict whether a protein belongs to the group of ordered or disordered proteins. Figure 2D shows the charge-hydropathy plot for ordered and disordered proteins and reveals that AB_hRXG falls below the boundary and is grouped with the ordered set of proteins. The position occupied by AB_hRXG is quite ambiguous to interpret, as it emerges within the region occupied by both ordered and disordered proteins ( Figure 2D ). The position of AB_hRXG on the charge-hydropathy plot and its unusual amino acid composition might indicate the hidden propensity of AB_hRXG to form a locally ordered structure. Additionally, these results were not in agreement with the disorder predictions, which clearly indicated a high level of disorder of the AB_hRXG sequence.
Taken together, the results of the in silico analysis suggested that AB_hRXG is predicted to be highly flexible and intrinsically disordered. However, the sequence might exhibit structure-forming properties, which inspired us to conduct in vitro analysis of the molecular properties of AB_hRXG. A. The prediction of the degree of the disorder in the AB_hRXG sequence calculated from the primary structure. Five different algorithms were used -IUPRED long, MD2, Spine-D, PrDOS and PONDR (VLS2). A score above 0.5 indicates a high probability of disorder. B. Prediction of protein backbone dynamics with DynaMine. An S 2 value larger than 0.8 indicates high rigidity of the protein backbone, whereas an S 2 value lower than 0.69 indicates high flexibility, which is typical for disordered segments. Values between 0.69 and 0.8 are characteristic of the context-dependent structural organization of polypeptide chains. C. Analysis of the amino acid composition using the Composition Profiler. The plot illustrates the enrichment (values above zero) and depletion (values below zero) in given amino acid residues relative to the proteins from the SwissProt and Disprot 3.4 (dataset with disordered proteins) databases. The amino acid residues are arranged from the most order-promoting to the most disorderpromoting potential. D. Uversky plot of the mean hydropathy versus mean absolute net charge of 105 completely ordered proteins (open squares) and 54 completely disordered proteins (grey circles). The solid line represents the border between the ordered and disordered proteins. The black circle corresponds to AB_hRXG.
Expression and purification of the AB region of hRXRγ
To perform biochemical and biophysical analysis of the recombinant AB_hRXG, we elaborated and optimized a protocol for its efficient expression and purification. AB_hRXG was expressed in the E.coli BL21(DE3)pLysS cells from the pQE80L plasmid encoding cDNA sequence of the AB region with the N-terminal 6×His tag. Different thermal conditions (20°C, 29°C and 37°C), media (LB and TB media) and induction times (30 minutes, 1 h, 2 h, 3 h, 5 h) were checked to optimize the overexpression of AB_hRXG (data not shown). The highest yield of protein was obtained when the TB medium was used. From 1 liter of TB culture medium, on average 1 mg of AB_hRXG was obtained. Eventually, AB_hRXG was overexpressed at 20C for 3 hours after adding IPTG (see Figure 3C and D; lines 2-3). A higher temperature than 20C and a longer time culture than 3 hours resulted in more degradant products of AB_hRXG (data not shown). To prevent AB_hRXG from degradation, the cell extract was supplemented with PMSF, a serine protease inhibitor. The PMSF was added at every working step of the purification procedure until a majority of the contaminant proteins were removed. Additionally, all subsequent steps were carried out on ice or at 4C. pQE-80L enables protein to be expressed with the 6×His tag, so as the first step of the purification procedure, immobilized metal affinity chromatography (IMAC) was used. The resins containing nickel or cobalt ions were tested. Both resins bound AB_hRXG effectively.
However, a lot of contaminating proteins were bound non-specifically by the nickel ion containing resin (Ni-NTA His•Bind ® Resin), and they were difficult to remove during further purification (data not shown). This was not observed when the cobalt ion containing resin (Talon ® Metal Affinity Resin) was used. Elaborating the conditions of the IMAC was a crucial step to obtain pure AB_hRXG. Using Talon ® Metal Affinity Resin and a gradient of imidazole concentration (12.5 and 25 mM to remove impurities and 250 mM for final elution), we obtained a preparation containing a mixture of two proteins, which were difficult to separate during SEC (data not shown). Mass spectrometry analysis demonstrated that one of the proteins was AB_hRXG. The second one was identified as chaperon protein FKBP-type peptidyl-prolyl cis-trans isomerase SlyD from E. coli (data not shown). This protein was also observed in western blotting experiments (see Figure 3D ; line 10), because it is rich in His residues (UniProtKB -P0A9K9). To separate the SlyD from AB_hRXG, we combined IMAC with a linear gradient of NaCl concentration ( Figure 3A) . First, we applied a two step gradient of imidazole concentration (12.5 mM and 25 mM) to wash out most of the contaminating proteins which were non-specifically bound with resin ( Figure 3A ; peak I and II, Figure 3C ; lines 8-9). In the next step, the salt concentration was lowered to 50 mM and the linear gradient of NaCl concentration was then applied ( Figure 3A ; peak III, Figure 3C ; line 10).
This step was crucial to separate the SlyD protein from AB_hRXG. Finally, AB_hRXG was released from the resin using 250 mM imidazole ( Figure 3A ; IV peak, Figure 3C Because of their unique amino acid composition, IDPs/IDRs do not bind SDS as much as globular proteins. The apparent molecular mass estimated from SDS-PAGE is often 1.2-1.8 times higher than the real one calculated on the basis of the primary structure [50] . SDS-PAGE analysis of the samples from the IMAC (Figure 3C ; line 11) indicated that protein fractions with a purity of 75% were obtained. Thus, the affinity chromatography combined with the linear gradient of the salt removed most of the impurities. To remove the remaining contaminants (e.g. degradant product of AB_hRXG), SEC was applied as the next step ( Figure 3B ). The final AB_hRXG preparation ( Figure 3C ; line 13) was estimated by SDS-PAGE to be 96% pure. Before further analysis, we confirmed the identity of the recombinant protein using ESI-TOF mass spectroscopy (data not shown). The mass spectrum showed the presence of two species. The molecular mass calculated for the major peak (14053.5 Da) was very close to the theoretical mass estimated with the ProtParam tool, including that of vector-derived amino acid residues (14053.7 Da). The molecular mass of the minor peak was 14067.5 Da. The calculated mass difference between the major and the minor peak is 14 Da. This can indicate mono-methylation of a free amino group, probably at the N-terminal methionine [51] .
During the overexpression and purification procedures of AB_hRXG, we observed its high susceptibility to degradation and increased electrophoretic mobility, which might indicate that AB_hRXG belongs to the IDP family. 
Secondary structure analysis of the AB region of hRXRγ
Based on the shape of the circular dichroism (CD) spectra in far-UV (240-180 nm), which corresponds to peptide bond absorption, it is possible to determine the type of secondary structure present in the analyzed sample [52] . To experimentally investigate the content of the secondary structure of AB_hRXG, the far-UV CD spectra were recorded. The obtained CD spectrum of AB_hRXG is typical for proteins containing disordered regions ( Figure 4A ). It is characterized by a deep minimum at 200 nm and a lack of distinct minima at 208 nm and 222 nm, with only a shallow minimum at 222 nm, which suggests the existence of some secondary structure. To quantitatively evaluate the content of the secondary structure, the CD spectrum was analyzed by CDPro deconvolution software with IBasis 7 as the reference protein data set [39] . Three algorithms were used: Continll, Cdsstr and Selcon3 [39] . Deconvolution of the spectrum revealed that 61.8% ± 3.7 of the sequence is unordered (Table 3) . AB_hRXG also possesses a quite substantial amount of the ordered secondary structure motifs, which could be related to the unique amino acid composition of the sequence ( Figure 2C ) and might explain the position of AB_hRXG on the chargehydrophathy plot ( Figure 2D ). The prevalent type of ordered structure is β-strand (16.9% ± 2.0). The α-helical structure was estimated with a value of 10.0% ± 1.0 and turns 12.9% ± 1.0 (Table 3) .
To gain additional experimental information about the occurrence of the secondary structure, CD measurements were carried out in the presence of chemical denaturant GdmCl ( Figure 4A ). The protein samples were incubated 1h before the measurements with an appropriate concentration of GdmCl. Increasing the concentration of GdmCl enabled us to observe the changes in the ellipticity at 222 nm, indicating the loss of the residual ordered structure. It was impossible to collect CD data at around 200 nm in the presence of GdmCl.
The HT voltage was above 700 V, so the collected data were not reliable in this area. The quantitative analysis of the whole spectra in the presence of GdmCl with CDPro software was also not possible.
IDPs may be divided into two structurally different groups: coil-like and pre-molten globule-like (PMG-like) [49] . Proteins from the first group have an extended conformation that is typical of random coils, and do not possess any (or almost any) secondary structure motifs. The second group consists of proteins that are more compact and that exhibit some residual secondary structure, although their structure is still less dense than native or molten globule proteins. Uversky proposed the distinction between these two groups based on ellipticity values at 200 nm and 222 nm [49] . The plotted values of AB_hRXG are placed between these two groups ( Figure 4B ). Accordingly, it is not possible, based on the CD data, to classify AB_hRXG to any of the above-defined groups.
J o u r n a l P r e -p r o o f
Altogether, these data indicate that AB_hRXG exhibits properties of IDPs/IDRs, but it is also characterized by the presence of ordered secondary structure motifs. However, based on the CD data, it is difficult to clearly classify AB_hRXG to one of the two structural groups of IDPs. [49] . AB_hRXG was marked with a black triangle.
Hydrodynamic properties of the AB region of hRXRγ
To determine the hydrodynamic properties of AB_hRXG size exclusion chromatography (SEC) was applied. SEC is a useful technique for determining the hydrodynamic properties of proteins, including the Stokes radius (Rs). IDPs/IDRs are less compact and do not possess a packed hydrophobic core, so their hydrodynamic dimensions are larger than their globular equivalents [53] . Analytical SEC was performed using the Superdex 75 Increase 10/300 GL column ( Figure 5A ). Three different concentrations of AB_hRXG were used (0.17 mg/ml, 0.34 mg/ml and 0.66 mg/ml). The standard curve was prepared, where hydrodynamic standard protein radii (Rs) were plotted as a function of the partition coefficient (Kav) ( Figure 5A ; inset). The position of AB_hRXG, based on Kav calculated from the elution volume (Ve), is located between carbonic anhydrase (29 kDa) and BSA (66 kDa), although the theoretical molecular mass of AB_hRXG is 14.05 kDa.
Based on the calibration curve, the Rs of AB_hRXG is 27.2 Å. This value was independent of the protein concentration and is considerably higher than the 18.8 Å value which was calculated from the sequence data assuming that AB_hRXG is a globular protein ( Figure 5B ) [54] . It was shown that hydrodynamic protein radii increase with molecular mass in a characteristic way for different conformational states within the groups of globular proteins (native, molten globule, pre-molten globule, unfolded) and IDPs (PMG-like and coil-like) [53, 54] . The remarkably bigger experimental Rs in comparison to the theoretical value places AB_hRXG on the log (Rs) versus log (M) plot in the area for IDPs with PMG-like properties ( Figure 5B) . Surprisingly, as discussed above, using CD data and the double wavelength plot made it difficult to classify the conformational state of AB_hRXG.
It was reported that the AB region of NRs can exhibit dimerization propensities [55] .
To verify if the experimental Rs obtained for AB_hRXG is a result of an oligomeric form or if it corresponds to a monomer with a highly extended conformation, the SV-AUC experiments were conducted with the results being summarized in Table 2 . The sedimentation coefficient distributions calculated from the SV-AUC data indicated that one major species with a sedimentation coefficient (s20.W) of approximately 1.1 S was observed at three different concentrations (1 mg/ml, 0,48 mg/ml and 0.26 mg/ml) ( Figure 5C ). Data analysis for all three concentrations yield a good fit with a RMSD of 0.006936, 0.006142 and 0.005471 ( Figure 5D and Table 2 ). No significant dependence of the sedimentation coefficient (s20.W) on the The frictional ratio (f/f0) can be used to define the character of the proteins [56] . Globular [53, 54] . In contrast, IDPs in which the molecules have extended shapes, are characterized by much larger values of f/f0. It was shown that the f/f0 ratio increases with the size of the IDPs. For example, f/f0 ratios are typically 2.1 for the 20 kDa and 3.0 for the 200 kDa coil-like IDPs; and 1.75 for the 20 kDa and 2.05 for the 200 kDa PMG-like IDPs [56] . The calculated f/f0 ratio for AB_hRXG is 1.8 ( Table 2) , which indicates an extended conformation and again classifies AB_hRXG to the PMG-like IDPs.
Together, the data presented above, indicate that AB_hRXG is a highly asymmetric elongated and unfolded molecule that exhibits properties characteristic for PMG-like IDPs.
Moreover, AB_hRXG exists as a monomer and does not exhibit a propensity for oligomerization. 
J o u r n a l P r e -p r o o f
Folding and unfolding properties of the AB region of hRXRγ
Although IDPs/IDRs lack the ability to fold into a stable three-dimensional structure, they can undergo some degree of folding under the influence of different factors such as osmolytes, binding partners, PTMs, denaturants or increased temperature [57] . Such disorder-to-order transitions can induce the formation of ordered secondary structural elements e.g. α-helices [58] . The changes in the physico-chemical environment determine the ability of IDPs/IDRs to fold and the nature of the fold itself. The CD in far-UV in various temperatures and in the presence of osmolyte were recorded to test whether AB_hRXG exhibits properties characteristic for IDPs/IDRs, and also if it can adopt a more ordered structure in the presence of these factors.
The analysis of temperature effect on the structural properties of IDPs/IDRs (native coils and PMG-like) revealed that an increase in temperature can induce partial folding of the IDPs/IDRs, rather than the unfolding typical of globular ordered proteins (so-called turn out response to heat) [59] . This effect is attributed to the increased strength of the hydrophobic interaction at higher temperatures, leading to a stronger hydrophobic attraction, which is the major driving force for protein folding. The temperature effect on the structural properties of AB_hRXG was analyzed using CD in far-UV ( Figure 6A) . At low temperatures, the CD spectrum of AB_hRXG is typical of an unfolded polypeptide chain ( Figure 6A ). As the temperature increased, the shape of the spectrum changed, reflecting the temperatureinduced formation of the ordered secondary structure motifs. Additionally, as the temperature increased (from 20°C to 70°C), the values of []222 gradually decreased ( Figure 6C ; blue triangles). The changes in the []222 versus temperature plot were linear, suggesting noncooperative folding. The structural heating-induced changes in AB_hRXG were completely reversible ( Figure 6C ; grey triangles). CD spectrum recorded at 20°C for AB_hRXG, which was previously heated to 70°C and then cooled to 20°C, perfectly matched the CD spectrum of the sample before denaturation (compare Figure 6B and C). The quantitative analysis of the denatured spectra at 70°C was performed with CDPro software ( Table 3 ). The results, compared to data obtained for AB_hRXG at 20°C, showed substantial changes mainly in the content of α-helix (from 10% ± 1.0 at 20°C to 16.4% ± 0.8 at 70°C) and unordered sequence (from 61.8% ± 3.7 at 20°C to 47.4% ± 2.9 at 70°C). These demonstrated that AB_hRXG exhibits properties characteristic for IDPs/IDRs in response to increased temperature.
In many cases, the binding partners for IDPs/IDRs are unknown. Osmolytes are various low molecular mass compounds that can be used to investigate the folding propensity of IDPs/IDRs [59, 60] . They are called chemical chaperones as they can stabilize proteins in their native state. Osmolytes have become important factors that mimic the in vivo conditions under which IDPs/IDRs interact with target molecules and a adopt more ordered J o u r n a l P r e -p r o o f structure [61] . Currently, there are a few known agents able to modify and/or to rearrange the conformation of IDPs/IDRs [59] . We chose two: trimethylamine N-oxide (TMAO) and 2,2,2trifluoroethanol (TFE). However, in the presence of TMAO we were not able to observe conformational changes, because AB_hRXG aggregated in the presence of TMAO (0.1-1.5 M). In contrast, AB_hRXG was stable in the presence of TFE. This osmolyte accumulates on the protein surface, which leads to the removal of water molecules and the direct hydrogen bonding of TFE to protein backbone carbonyl groups. These two factors usually contribute to the development of the α-helix structure [62, 63] . CD spectroscopy in far-UV was used to monitor the conformational changes of AB_hRXG in the different concentrations of TFE ( Figure 6D ). At lower concentrations of TFE (5% and 10%), the shape of CD spectra was almost the same as in the absence of osmolyte ( Figure 6D) . At a 15% concentration of TFE, precipitation of AB_hRXG was observed (data not shown). It was reported that TFE can induce (except for the α-helix structure) the formation of β-structure enriched oligomers, which aggregate and form insoluble precipitates [64] . At higher concentrations of TFE (20%, 30% and 60%), substantial changes in the CD spectra were observed which corresponded to the induction of an ordered structure accompanied by a loss in the disordered sequence ( Figure 6D and see Table 3 ). A higher concentration of TFE (80%) did not have an impact on the shape of the CD spectra and conformational changes of AB_hRXG (data not shown).
The disappearance of the minimum at 200 nm and the formation of two deep ellipticity minima at 208 nm and 222 nm were accompanied by the formation of the secondary structure in AB_hRXG. The quantitative analysis of the spectra in the presence of TFE obtained using CDPro software indicated that the helical content increased from 10% ± 1.0 in the absence of TFE to 31.3% ± 1.2 in the presence of 60% TFE ( Table 3 ). The β-strand content first increased from 16.9% ± 2.0 in the absence of TFE to 30.2% ± 1.5 in the presence of 20% TFE, and then decreased gradually to 5.7% ± 0.9 in the presence of 60% TFE. The content of the unordered sequence also decreased from 61.8 ± 3.7 in the absence of TFE to 47.8 ± 0.9 in the presence of 60% TFE. The content of turns changed only slightly.
Thus, AB_hRXG underwent a conformational change in the presence of TFE, giving rise to an ordered structure with a prevalence of α-helix.
The data presented above indicate that in the presence of external factors like osmolyte or increased temperature, AB_hRXG reveals the ability to form additional ordered structures. Thus, AB_hRXG is a PMG-like dynamic molecule, which is characterized by a significant propensity for folding. J o u r n a l P r e -p r o o f
Effect of TFE on the digestion resistance of the AB region of hRXRγ
Flexible protein regions are known to be easily accessible targets for protases. The addition of binding partners or osmolyte often leads to a protein conformation that is less solvent exposed and thus less sensitive to protease degradation [65] . We used the proteolytic cleavage of AB_hRXG to examine protein conformation in the absence and presence of osmolyte. Based on the CD data, we chose a 40% concentration of TFE (see Figure 6D ). AB_hRXG possesses 4 putative cleavage sites for trypsin and 48 for proteinase K (Supplementary Table 1 ). The proteolytic susceptibility of AB_hRXG to proteinase K and trypsin in the presence of 40% TFE was analyzed by SDS-PAGE (Figure 7 ). Both enzymes are stable and their activity does not change in the presence of 40% TFE [66, 67] . AB_hRXG alone or in the presence of 40% TFE was stable during 1-hour of incubation (Figure 7 Purified AB_hRXG alone or in the presence of 40%TFE was digested with either proteinase K (lines 4-5; 8-9 and 12-13) or with trypsin (lines 6-7; 10-11 and 14-15). Proteolysis was conducted at 15°C for an hour. Control of the intact AB_hRXG without TFE (line 1) and in the presence of 40% TFE (line 2). The molecular weight marker is shown on the left in kDa (line 3). The aliquots were taken at 5 minutes (lanes 4-7), 15 minutes (lanes 8-11) and after 60 minutes (lanes 12-15) after the addition of enzymes.
In vitro liquid-liquid phase separation driven by the AB region of hRXRγ
During the purification procedure, and before SEC, the sample containing AB_hRXG was concentrated. Leaving the concentrated AB_hRXG (above 3 mg/ml) in buffer B (500 mM NaCl) at room temperature (25°C) resulted in the high opalescence of the solution ( Figure   8A) . Surprisingly, when the sample was placed on ice, the solution of AB_hRXG became clear ( Figure 8A ). The opalescence of the solution also disappeared after dilution of the sample (data not shown). When the same sample containing concentrated AB_hRXG was analyzed under a microscope using phase contrast, spherical droplets were observed in the solution ( Figure 8B ). The liquid−liquid phase separation (LLPS) driven by some IDPs/IDRs is already an observed phenomenon [15, 17] . Observation under the microscope confirmed that AB_hRXG promotes the formation of LLPS. As described above, the AB_hRXG-dependent forming of spherical droplets was temperature dependent. Temperature is a well-known factor that controls LLPS [68] . Many LLPS-prone proteins can exhibit upper critical solution temperature (UCST) transition, which occurs when cooling below a critical solution temperature [69, 70] . There are much less LLPS-prone proteins with lower critical solution temperature (LCST) behavior, which occurs upon heating above a critical temperature [71] .
When we analyzed the AB_hRXG sample taken straight from the ice under the microscope, we observed only a few liquid droplets ( Figure 8B ; left image). When the temperature was rising to that of the room temperature, more spherical droplets were observed ( Figure 8B ;
middle and right image). The spherical droplets in the solution were fusing when they encountered each other and the turbidity of the droplet was observed. Together, these observations suggested that AB_hRXG promotes the formation of LLPS and exhibits LCST phase behavior.
LLPS is extremely sensitive to protein concentration, environmental conditions and the relative abundance of cofactors or binding partners. We conducted an experiment using a pure sample of AB_hRXG after SEC (data not shown). To observe the formation of liquid droplets, a concentration of around 3 mg/ml and higher was needed. The process was also temperature dependent. To confirm the presence of AB_hRXG in the liquid droplets, we labeled the purified protein with Atto 488 NHS ester. Unlabeled AB_hRXG and Atto 488labeled protein were mixed and differential interference contrast (DIC) or fluorescence images were acquired ( Figure 8C and D) . The formation of liquid droplets is a very dynamic process. The spherical droplets were freely moving in the solution ( Figure 8C ) and settling onto and wetting the surface of the glass coverslip, where they remained stationary ( Figure   8D ). Fluorescence microscopy confirmed the presence of AB_hRXG in the liquid droplets.
Taken together, the data show that AB_hRXG exhibits the ability to promote the formation of LLPS and that the process is concentration-and temperature-dependent. 
Discussion
Intrinsically disordered proteins (IDPs) form a unique group of the protein kingdom.
They are characterized by a lack of a well-defined three-dimensional structure [48, 72] . Some of them may assume a locally stable structure under specific conditions, e.g. upon interaction with a protein partner or posttranslational modifications (PTMs), while others function in a permanently unstructured state. Their highly heterogeneous structure differs from the structure of globular proteins at multiple levels, such as amino acid composition, sequence complexity, hydrophobicity, charge, and flexibility [73] . IDPs/IDRs are very abundant in nature and are important constituents of many protein complexes, playing various structural, functional and regulatory roles [48, 74] .
The AB region of nuclear receptors (NRs), an important transcription factor family involved in many physiological processes, possesses properties of IDPs/IDRs, which contribute significantly to the cell and tissue specificity of the action of NRs [75] . The major differences between the subtypes and isoforms of NRs are related to their AB region, which differs widely in size, sequence and intrinsic disordered pattern and content [6] . The AB region consists of a variety of transient conformers and it can also adapt a secondary structure e.g. as it interacts with co-regulators and transcription factors. Only detailed biochemical studies can reveal the organization of the AB region of a particular NR and help to understand the forces controlling the transition from intrinsic disorder to ordered sequence, and eventually to a structure-forming relationship.
IDPs/IDRs can be predicted based on the properties of their amino acid sequence.
Until now, various disorder predictors have been developed [76] . To verify if the AB region of hRXR (AB_hRXG) could reveal features of IDPs/IDRs, we chose disorder predictors that have been trained on data sets of disordered proteins, and also a meta-predictor that blends the results of different predictors. Primary structure analysis was conclusive and clearly indicated that AB_hRXG belongs to the IDP family. Detailed examination of the amino acid composition of AB_hRXG indicated that AB_hRXG is deficient in order-promoting residues with the exception of Tyr (the AB region of hRXR has six Tyr residues), and abundant in flexible residues, especially Pro, Ser and Gly, which are characteristic for IDPs/IDRs. It is worth noting that AB_hRXG is especially abundant in Ser residues, which constitute almost 16% of all amino acid residues in the AB region. The Ser residue can be a target for different kinases. It has been reported that disorder correlates with many important sites of PTMs, such as phosphorylation [77, 78] , sumoylation [79, 80] or ubiquitination [81] . These modifications can generate binding sites for different proteins, induce protein-protein interaction, and also induce conformational transitions. This was reported for the AF1 fragment of GR, which adopts a functionally folded conformation due to its site specific phosphorylation [82] .
J o u r n a l P r e -p r o o f
The relationship of AB_hRXG with the IDP family was observed during the first experimental procedures when we noticed high susceptibility to degradation during the purification and also increased electrophoretic mobility. Furthermore, the CD in the far-UV indicated that AB_hRXG has spectra that are characteristic for random coil conformation, which confirms the presence of numerous disordered regions. The quantitative analysis revealed that 61.8% ± 3.7 of the AB_hRXG sequence is unordered. This value did not match the results obtained with the disorder predictors, which indicated a disorder of 80%. The difference between both values can result from the atypical, for IDPs/IDRs, amino acid composition, which is a consequence of the hidden, and not predicted by in silico analysis, structure-forming propensity. Although AB_hRXG exhibits properties of IDPs/IDRs, it also possesses a quite substantial amount of the ordered secondary structure motifs (β-strand -16.9% ± 2.0 and α-helix -10% ± 1.0). Such a residual structure in AB_hRXG can play a crucial role in the disorder-to-order transition and be important for AB_hRXG function.
To further investigate the structure-forming properties of AB_hRXG, we used a combination of various techniques. IDPs/IDRs can exist as a dynamic heterogeneous complex mixture of interconverting conformers that are capable of undergoing a disorder-toorder transition in response to variation in the environment [44] . We checked three factors that are known to induce conformational changes in IDPs/IDRsincreased temperature, chemical denaturant (GdmCl) and osmolyte (TFE). All these factors induced structural changes in the AB_hRXG sequence, which already possesses residual secondary structures, and also allowed the presence of the structure forming potential of AB_hRXG to be verified. The CD measurements in the presence of different concentrations of GdmCl led to a change in ellipticity at 222 nm and confirmed the presence of stable residual ordered secondary structure elements. This result was consistent with SEC and SC-AUC data, which showed that AB_hRXG has properties of PMG-like IDPs. Another indication of the folding propensity of AB_hRXG was provided by experiments where the CD spectra were recorded in increasing temperatures. The analysis of the temperature effects on the structural properties of AB_hRXG revealed the so-called turn out response to heat [59] . The folding propensities of AB_hRXG were also observed in the presence of osmolyte -TFE. Far-UV CD changed significantly with an increase in the osmolyte concentration, indicating that conformation of AB_hRXG is significantly affected by interaction with the osmolyte. Different concentrations of TFE led to a substantial increase in ellipticity at 222 nm, suggesting an increase of the secondary structure in AB_hRXG. Additionally, we conducted limited proteolysis in the presence of 40% of TFE, in order to verify if osmolite is able to protect the sequence, as is the case in the natural environment, by the induced formation of secondary structure resulting from protein-protein interactions. We confirmed that osmolite can protect AB_hRXG from degradation by inducing the formation of the secondary structure. We It is now well recognized that cellular compartments may form in the absence of lipid membranes through liquid−liquid phase separation (LLPS), which is driven by proteins, nucleic acids, and other biomolecules [83] . These membraneless organelles have since been shown to be highly diverse and ubiquitous within biological systems, and they constitute organelles such as the nucleolus, ribonucleoprotein (RNP) granules, stress granules and others [84] . The formation of LLPS is mediated by a myriad of interactions, such as electrostatic attraction, cation−π, π−π, hydrogen bonding, and hydrophobic interactions.
External stimuli such as changes in salt concentration, pH, temperature, and the presence of other biomolecules such as RNA or ATP are factors that may be used to modulate protein LLPS [84] . It was shown that IDPs/IDRs are important drivers of LLPS [16] . We present evidence that AB_hRXG does indeed phase separate into liquid droplets, with the process being concentration-and temperature-dependent. It was reported that many membraneless organelles, particularly RNP bodies, are highly enriched in IDPs/IDRs that are typically enriched in particular polar and charged amino acid residues, including Gly, Ser, Gln, Pro, Glu, Lys and Arg, but also with aromatic residues, particularly those of Tyr and Phe [17] .
Analysis of the amino acid sequence of AB_hRXG indicated that it is enriched in Gly, Ser, Pro and also Tyr residues, which can be important elements responsible for LLPS propensity. Moreover, the amino acid sequence and its specific solvent-mediated interaction also have an impact on the temperature transition to a two-phase system [68] . AB_hRXG LCST behavior can be attributed to the high percentage of Pro (13.8%) and Gly (12.3%) residues. LCST behavior is encoded by enriching the sequence composed of Pro-Xn-Gly motifs, with residues that are largely nonpolar (Xn) [68] .
The formation of membraneless organelles through LLPS is known to play an important role in transcription [85] [86] [87] . Some components of transcription machinery, e.g.
transcription factors, subunits of the Mediator complex, and cofactors that contain IDRs, have the potential to phase separate [88] . The disorder allows for intermolecular interactions, creating a dynamic network that is responsible for the concentration and compartmentalization of the components of transcription machinery [89, 90] . We showed that the AB region of hRXRγ the receptor that occupies the central position among other NRs exhibits strong potential to form LLPS condensates and that the process is concentrationand temperature-dependent. AB_hRXG exhibits the structural and functional characteristics of the PMG-like group of IDPs and also has a significant propensity for folding. Although, the AB_hRXG sequence is very flexible, it is also characterized by the presence of ordered secondary structure motifs, which are very sensitive to different environmental factors. The Further studies will be necessary to disclose how AB_hRXG regulates gene expression through phase separation.
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